The recently developed formalism for the evaluation of nuclear form factors in neutrinoless double beta decay is applied to 48 Ca, 76 Ge, 82 Se, 100 Mo, 128 T e and 130 T e nuclei. Explicit analytical expressions that follows from this theoretical development, in the single mode model for the decay of 48 Ca, have been worked out. They are useful both for testing the full numerical calculations, and for analytically checking the consistency with other formalisms. Large configuration space calculations are compared with previous studies, where alternative formulations were used. Yet, besides using the G-matrix as residual interaction, we here use a simple δ-force.
Introduction
During the last years we have developed a new formulation for the neutrinoless double beta (ββ 0ν ) decay, based on the Fourier-Bessel multipole expansion of the hadronic current, and on the angular momentum recoupling. First, we did it for the mass term within the single mode model (SMM) [1] . Later on, full QRPA calculations were done for this term [2] . More recently, the same procedure has been applied to the evaluation of the so called "recoil term" in the charged Majoron emission [3] . Finally, the complete formalism, including the right-handed (V + A) hadronic current, was presented [4] . The physical substratum in this development is the same as in the previous works on the same issue [5, 6, 7, 8, 9] , namely, the same weak Hamiltonian was used. Thus, one cannot expect to get sensibly different results for the corresponding observables. Yet, we have succeeded in expressing all nuclear ββ 0ν moments in terms of the matrix elements of only three well-known one-body spherical tensor operators:
which have been around in nuclear physics for more than 40 years [10, 11] . This makes our formulation to be specially suitable for the nuclear structure calculations, and more simple than other formulations [5, 6, 7, 8, 9] . In fact, the Fourier-Bessel multipole expansion has also been used by Vergados [8] and by Suhonen, Khadkikar and Faessler [9] , as the staring point. However, the final outcomes for the nuclear matrix elements in these two theoretical developments are quite dissimilar, not only to our formulas, but also to each other. They are also different to the formulas derived by Haxton and Stephenson [5] and by Doi, Kotani and Takasugi [6] within the closure approximation. As a consequence, the alternative formalisms cannot be confronted analytically, and the only way to test the consistency among them is by way of numerical procedures.
As far as we know, numerical calculations, using the formalism from ref. [4] , have so far been performed only for the neutrino mass term [2, 12] . Thus, to complete our study on the ββ 0ν matrix elements, in this paper we carry out calculations for several ββ decaying nuclei that are attractive from the experimental point of view ( 48 Ca, 76 Ge, 82 Se, 100 Mo 128 T e and 130 T e). A comparison with similar studies is also made.
As most of the previous studies were performed in the framework of the QRPA model [12, 13, 14, 15, 16] , we will use here mostly the same nuclear structure approach. Only the 48 Ca → 48 T i-decay will be discussed in a simple shell model, in order to compare our formalism with that of Vergados [8] . Also, for the sake of comparison, throughout this work the bare axial vector coupling constant g A = 1.254 will be used, although the effective value g ef f A = 1 is preferable in nuclear physics [17, 18] .
The outline of this paper is as follows: In Section 2 we summarize the main results for the new formalism developed recently [4] . We compare them with two previous QRPA evaluations, namely with: 1) the results obtained by Muto, Bender and Klapdor (MBK) [14] , where the formalism of Doi, Kotani and Takasugi [6] has been utilized, and 2) the calculation performed by Pantis,Šimkovic, Vergados and Faessler (PSVF) [15] in the framework of the formalism developed by Vergados [8] . In this section we also show the limits on the ββ 0ν coupling constants that we deduce from the most recent experimental data [20, 21, 22, 23, 24] . Concluding remarks are pointed out in Section 5.
Neutrinoless double beta decay formalism
The ββ 0ν half-life is expressed in the standard form [7] :
where m ν is the effective neutrino mass and λ and η are the effective coupling constants of the (V + A) hadronic currents. The coefficients
M T = 10
Here R is the nuclear radius, M N is the nucleon mass, the index α labels different intermediate states with the same spin J and parity π,Ĵ = √ 2J + 1 and (L1|J) is a short notation for the Clebsh-Gordon coefficient (L010|J0). The angular momentum coefficients are:
and the two-body radial integrals are defined as
where
1 We use here the angular momentum coupling |(
is the "neutrino potential", and
There are also two additional matrix elements, namely M F ω and M GT ω , which are obtained from M F and M GT by the replacement
Finally the two-body state dependent particle-hole (ph) density matrix
contains information on the wave functions of the initial (|0
, and virtual intermediate (|J π α ) states. In particular, within the QRPA formulation, and after solving both the BCS and the RPA equations for the intermediate (N −1, Z +1) nucleus [25] , the two-body density matrix becomes
where the notation has the standard meaning [2, 25] . 
. When the harmonic oscillator radial wave functions are used and the excitation energy ω J π α is taken to be zero, we can go a step further in the analytical calculations. The results for the radial integrals R Table 1 , and after performing the summations on L, L ′ and J ′ , as indicated in eqs. (5)- (11), we get:
where Table 2 . It should be noted that: i) in the SMM the matrix element M P is always null, independently of the value for the excitation energy ω J π α , and ii) while the Fermi matrix elements arise only from even multipoles, the remaining matrix elements only come from odd multipoles. Table 2 : Coefficients A X (J + ) for the matrix elements given by eq. (19) . in the final nucleus 48 T i, are described, respectively, as the one-particle one-hole and two-particle two-hole excitations on the ground state |0 + i in 48 Ca. That is:
and the two-body density reads [4] Table 3 (ρ ph (0
On the other hand, they are identically null when these symmetries are totally restored. The short-range correlations (SRC) between the two nucleons are taken into account via 2 It is worth remembering [2] that, in the SMM, eq. (18) reduces to
where ρ ph BCS (J + ) = u p v n u n v p is the BCS value for the two-body density, ω 0 is the unperturbed proton-neutron quasiparticle energy, ω + J are the QRPA energies, and G(J + ) ≡ G(pnpn; J + ) is the particle-particle matrix element. Thus we see that, within the SMM, the last factor in this equation plays the role of the effective charge for the ββ 0ν decay, induced by the QRPA correlations. the correlation function [26] f SRC (r) = 1 − j 0 (k c r),
where k c = 3.93 fm −1 is roughly the Compton wavelength of the ω-meson. The finite nucleon size (FNS) effects are introduced in the usual way, i.e., by the dipole form factors in momentum space:
with Λ = 850 MeV. The corresponding modifications of the neutrino potentials are shown in refs. [1, 4] . Table 4 : Nuclear matrix elements for the decay 48 Ca → 48 T i within the single-mode shellmodel calculations. We have used ω J π α = 0 and four different results are presented: 1) (bare) no correlations and no nucleon form factor, 2) (FNS) no correlations but with nucleon form factor, 3) (SRC) short range correlations but without nucleon form factor, and 4) (FNS+SRC) correlations and nucleon form factor. Present results are confronted with those obtained by Pantis and Vergados [19] in Table 4 . They used a somewhat different approximation for the SRC and therefore it is plausible that our matrix elements do not fully agree with theirs in the second and fourth case. In the other two cases, they should be identical, but they are not! The difference is particularly pronounced for the recoil matrix elements M R . The reason for the discrepancies could be the values used for the harmonic oscillator parameter ν = Mω/h and the nuclear radius R; we have utilized ν = 0.916A −1/3 fm −2 and R = 1.2A 1/3 fm.
3
Anyhow it is worth noting that in both calculations the FNS effects and the SRC act coherently on the Fermi (F) and Gamow-Teller (GT) moments, in the sense that their combined effects always diminish them more than when they are acting individually. This, however, does not happen with M R , in which case the FNS+SRC values turn out to be significantly larger than the SRC ones. The explanation for this somewhat curious behavior of the recoil matrix element was given by Tomoda et al., [7, 27] and is as follows. The contribution of the weak magnetism in (9) can be decomposed into the central and tensor parts [7] . The central part is the dominant one, and within the closure approximation and for ω J π α = 0, it can be rewritten in the form:
This matrix element is totally killed by the SRC (22) and therefore
The k 2 dependence of the form factors (23) distributes the δ-function over a finite region [7, 26] ,
Consequently, the matrix element (24) decreases (M RC (F NS) ≤ M RC (bare)) and M RC (F NS + SRC) = 0.
3 Our definitions for the nuclear matrix elements M F , M F ′ , M F ω and M R agree with those of Pantis and Vergados [19] only for g A = g V . As we used here g A = 1.254, the results listed in their Table 1 have been renormalized accordingly. 4 The following relation has been used:
QRPA calculations
We have employed a residual δ-force V = −4π(v s P s +v t P t )δ(r), with different strength constants v s and v t for the particle-hole, particle-particle and pairing channels [2, 25, 28] . (n), have been fixed by fitting the experimental pairing gaps to a Wood-Saxon potential well. Table 5 : QRPA results for the nuclear matrix elements that include both the FNS and SRC effects. An average excitation energy ω J π α of 5.0 MeV has been used in the present evaluation. As already mentioned, the proton and neutron gap equations have been solved for the intermediate (N − 1, Z + 1) nucleus as in ref. [25] , and we deal only with one QRPA equation.
Note that in this procedure we avoid the problem of overlapping of two sets of the same intermediate states generated from initial and final nuclei [16] . Table 6 : The coefficients that appearing in eq. (3) (in units of yr −1 ), evaluated with the matrix elements given in Table 5 . We have used the kinematical factors from ref. [6] . Here, the experimental single-particle energies have been used for the orbitals 1p 1/2 , 0f 5/2 , 1p 3/2 , 0f 7/2 , 1s 1/2 and 0d 3/2 , while for the remaining orbitals a single-particle energy spacing ofhω = 41 A −1/3 MeV has been assumed. Finally, both the T = 1 and T = 0 proton-neutron interaction strengths in the particle-particle channel have been set by following the recipe introduced in ref. [28] .
Our results for nuclear matrix elements are compared in Table 5 with those obtained by MBK and PSVF. In both works configuration spaces similar to ours were employed, and the FNS effect was included in the way we have done it (see eq. (23)). Yet there are two differences that could in principle be important: i) instead of the δ-force, they have used the G-matrix (derived from the nucleon-nucleon potential) as the residual interaction, and ii) their correlation function is not that given by eq. (22) . In spite of these dissimilarities, our results concord surprisingly well with those obtained by MBK, except for M T and M P . 5 The major difference is found in 100 Mo, but we know that this is a "difficult" nucleus from the nuclear structure point of view, because of the collapse of the QRPA in the physical region of the particle-particle T = 0 strength. Moreover this effect is amplified by the SRC. The agreement with the PSVF calculation is only good in the case of the Gamow-Teller moments. Note that the last can also be say for the concordance between the MBK and PSVF results. The coefficients C ij , defined in eq. (3) and evaluated with the matrix elements given in Table 5 , are compared in Table 6 . Kinematical factors from ref. [6] have been used in our calculations. Obviously, all the above mentioned differences between the matrix elements are reflected on the calculated C ij values. However, the spread between the entries in the same row in Table 6 is smaller than the spread of the values in Table 5 . This is because the effect of the matrix elements M T and M P is comparatively small.
Finally, Table 7 gives the constraints on the Majorana neutrino mass and the right-handed coupling constants, deduced from the most recent experimental bounds for the ββ 0ν half-lives, and the present evaluation of the nuclear matrix elements. It should be kept in mind that in doing so we have used the bare value g A = 1.254 for the axial-vector coupling constant, and 5 Except the tensor moment M T , the MBK matrix elements agree remarkably well with those obtained by Tomoda and Faessler [13] . These authors have not evaluated M T , since a negligible small value for it was obtained previously [27] in a projected mean-field approach.
that the upper limits for the lepton violating terms shown in Table 7 do not simply scale as g a) (laboratory data) ref. [20] b) (laboratory data) ref. [21] c) (laboratory data) ref. [22] d) (geochemical data) ref. [23] e) (laboratory data) ref. [24] 5 Concluding remarks
Nuclear moments for the neutrinoless double beta decay have been evaluated numerically for several nuclei, using the formalism that we have recently developed. Simple analytic expressions for the ββ decay of 48 Ca, that follow from this formalism in the single mode model, are also presented. The results shown in Table 2 are useful, not only for testing the full numerical calculations, but also for checking the consistency with other formalisms [5, 6, 8, 9] . In fact, it would be highly desirable to find out whether these formalisms lead to numbers shown in Table   2 . This would be a simple and definite test for all nuclear matrix element except for the M P . However, even in this case, a simple model can be framed for confronting different formalisms with each other.
